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magnetic  and  dielectric  materials,  improved  magnetic  circuit 
modeling,  and  application  of  advanced  heat  transfer  techniques. 
Computer-aided  design  methods  were  utilized  and  specialized 
programs  were  developed  to  permit  extensive  manipulation  of 
multiple  design  parameters.  One  goal,  to  achieve  a  specific 
weight  of  0.25  lb/KVA,  was  Exceeded.  A  specific  weight  of 
about  0.10  lb/KVA  was  actual ry  accomplished  with  a  200  KVA 
transformer.  It  is  predicted  that  in  larger  transformer  sizes, 
specific  weights  of  0.07  lb/KVA  can  be  realized.  The  other 
goals  of  electrical  performance  and  reliability  were  also 
achieved.  The  inverter  transformers  developed  in  this  program 
exhibited  unusually  low  leakage  inductance  and  high  efficiency. 
Higher  relia)  ility  than  conventional  transformers  should  also 
be  realized  due  to  much  lower  operating  temperatures  (ie:  lower 
thermal  stress)  on  conductors  and  insulation.  The  program  has 
been  successfully  concluded  and  two  basic  transformer/rectifier 
unit  designs  (two  each  at  10  KW  and  200  KW)  were  fabricated, 
demonstsated  and  delivered. 
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This  final  report  was  subsiitted  by  Thermal  Technology 
Laboratory.  Inc.,  under  Contract  F33615-75-C-2014.  The 
effort  was  sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory, 

Air  Force  Systems  Command,  Wright -Patterson  AFB,  Ohio,  under 
Project  3145.  Task  32.  and  Work  Unit  05  with  Hr.  Michael  P.  Dougherty. 
AFAPL/POD-1  as  project  engineer.  Hr.  Jasms  P  Welsh,  of 
Thermal  Technology  Laboratory.  Inc.  was  technically  responsible 
for  the  work. 

Emphasis  on  this  program  was  on  the  development  of  high  voltage, 
high  power,  high  frequency,  low  specific  weight,  inverter 
transformers.  A  primary  intent  was  the  reduction  of  specific 
weight  without  sacrifice  of  either  electrical  performance  or 
reliability. 

Research  was  conducted  into  the  characteristics  of 
magnetic  and  dielectric  materials,  improved  magnetic  circuit 
modeling,  and  application  of  advanced  heat  transfer  techniques. 
Computer-aided  design  methods  were  utilized  and  specialized 
programs  were  developed  to  permit  extensive  manipulation  of 
multiple  design  parameters. 

One  goal,  to  achieve  a  specific  weight  of  0.25  lb/KVA, 
was  exceeded.  A  specific  weight  of  about  0.10  lb/KVA  was 
actually  accomplished  with  a  200  KVA  transformer.  It  is 
predicted  that  in  larger  transformer  sizes,  specific  weights 
of  0.07  lb/KVA  can  be  realized. 

The  other  goals  of  electrical  performance  and 
reliability  were  also  achieved.  The  inverter  transformers 
developed  in  this  program  exhibited  unusually  low  leakage 
inductance  and  high  efficiency.  Higher  reliability  than 
conventional  transformers  should  also  be  realized  due  to 
much  lower  operating  temperatures  (iet  lower  thermal  stress) 
on  conductors  and  insulation. 

The  program  has  been  successfully  concluded  and  two 
basic  transformer/rectifier  unit  designs  (two  each  at 
10KW  and  200KW)  were  fabricated,  demonstrated  and  delivered. 
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SECTION  I 
SUMMARY 

This  document  report*  on  the  conclusion  of  work  conducted 
under  contract  number  F33615-75-C-2014 .  durinq  the  period  of 
July  1976  throuqh  March  1979.  Previous  work  is  reported  in 
the  Interim  Report,  number  AFAPL-TR-76-102.  For  a  complete 
description  of  all  work  performed  in  the  overall  program, 
both  this  report  and  the  Interim  Report  must  be  used  in 
conjunction. 

The  emphasis  on  this  proqram  was  on  the  development  of 
hiqh  voltaqe,  hiqh  power,  low  specific  weight,  inverter 
transformers.  A  primary  goal  of  the  proqram  was  the  reduction 
of  the  specific  weiqht  of  inverter  transformers  without 
sacrifice  of  either  electrical  performance  or  reliability. 

Research  was  conducted  into  the  characteristics  of  magnetic 
and  dielectric  materials,  improved  magnetic  circuit  modeling 
and  application  of  advanced  heat  transfer  techniques.  The 
proqram  has  been  successfully  concluded  and  two  basic  transformer 
rectifier  (T/R)  unit  designs  (10  Kw  and  200  Kw)  were  fabricated 
and  demonstrated. 

One  of  the  goals  of  the  proqram.  to  achieve  a  specific 
weiqht  of  0.25  lbs/KVA,  was  exceeded.  A  specific  weight  of 
approximately  0.10  lb/KVA  was  actually  accomplished  with  the 
200  KVA  transformer.  The  total  measured  weight,  with  rectifiers 
included,  resulted  in  a  specific  weight  of  about  0.13  lb/KVA. 

It  is  predicted  that  in  larger  sires,  specific  weights  in  the 
order  of  0.07  lb/KVA  can  be  realized. 

The  inverter  transformers  developed  in  this  program 
exhibited  unusually  low  leakage  inductances  and  high  efficiencies. 
They  should  also  provide  higher  reliability  than  conventional 
transformers  due  to  much  lower  operating  temperatures  (ie: lower 
thermal  stress)  on  the  conductors  and  insulation.  In  addition, 
the  transformers  can  absorb  severe  overloads  without  damage  and 
without  damaging  adjacent  hardware.  This  is  due  to  the 
capability  of  the  vaporization  cooling  technique  to  safely 
dissipate  large  amounts  of  power. 
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All  of  the  primary  efforts  of  this  program  have  been 
successfully  accomplished: 

•  A  10  KVA  inverter  transformer  was  designed,  fabricated 
and  tested. 

•  Two  10  KVA  transformer/rectifier  (T/R)  units  (one 
liquid-cooled  version  and  one  air-cooled  version) 
were  fabricated  and  delivered. 

e  Research  was  conducted  into  the  characteristics  of 
magnetic  and  dielectric  materials,  improved  magnetic 
circuit  modeling,  and  application  of  advanced  heat 
transfer  techniques. 

e  Computer-aided  design  methods  were  utilized  and 
specialized  programs  developed  to  permit  extensive 
manipulation  of  multiple  design  parameters. 

e  An  experimental  200  KVA  inverter  transformer  was 
designed. 

•  Two  200  KVA  T/R  units  were  developed,  fabricated, 
subjected  to  preliminary  testing  and  delivered. 

(Pull  load  testing  awaits  delivery  of  a  200  KW 
inverter.  An  addendum  report  will  be  issued  after 
completion  of  the  full  load  tests.) 

•  A  high  voltage  non-inductive  load  suitable  for  testing 
the  above  T/R  units  was  designed,  fabricated,  tested 
and  delivered. 

In  addition,  the  measured  performance  of  both  the  10  KW  and 
200  KW  units  verified  the  computer  aided  design  program 
predictions,  thus  successfully  establishing  the  validity 
of  the  programs. 
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SECTION  II 


INTRODUCTION 


2.1  General 

The  increasinq  requirements  for  aircraft  performance, 
size,  and  electronic  systems  capabilities  has  placed  electrical 
power  demands  on  future  power  conditioninq  equipment  which 
can  no  lonqer  be  effectively  handled  by  existing  hardware  and 
the  related  technoloqy.  Pertinent  to  this  program  was  the 
requirement  for  small  liqhtweiqht  high  power  magnetics  having 
specific  weights  in  the  range  of  **  lb.  per  KVA  at  400  HZ  and 
hiqher.  The  USAF  Aero  Propulsion  Lab.,  at  Wright-Patterson 
AF  Base,  has  sponsored  the  RAD  reported  herein  with  the  primary 
goal  of  reducing  the  specific  weiqht  of  magnetics  without 
sacrificing  electrical  performance  and  reliability.  Emphasis 
has  oeen  on  power,  inverter,  and  pulse  transformers.  Emphasis  on 
this  contract  however,  was  on  inverter  transformers  only. 


Transformers  with  specific  weights  in  the  ranqe  of  0.1  to 
0.2S  lbs/KVA  have  been  sucessfully  developed  during  this  proqram 
by  TTL.  The  utilization  of  improved  materials,  improved 
maqnetic  circuit  modeling,  and  the  application  of  advanced  heat 
transfer  techniques  has  resulted  in  this  breakthrouqh .  The 
thermal  aspects  are  particularly  important  to  the  size  and 
weiqht  reduction  of  magnetics.  If  each  conductor  in  a  maqnetic 
device  can  be  adequately  cooled  throughout  most  of  its  lenqth. 
then  the  current  density  can  be  increased  and  the  conductor 
crossectional  area  significantly  reduced.  This,  in  turn,  results 
in  a  smaller  core  window  and  consequently .  a  smaller  core. 

It  was  initially  establ ished  on  the  previous  TTL  contract- 
F33615-72-C-1944 , that  the  power,  size,  and  weiqht  limitinq 
condition  in  transformers  is  the  rate  at  which  heat  can  be 
removed  from  the  windinqs,  and  to  a  lesser  extent,  the  magnetic 
cores.  Thus,  one  of  the  basic  approaches  in  this  research  was 
to  emphasize  internal  heat  transfer  in  transformers  and  to 
develop  thermal  techniques  that  could  provide  the  lowest 
practical  thermal  resistances.  This  permitted  conductor  current 
densities  which  were  almost  an  order  of  magnitude  qreater  than 
those  in  conventional  transformers. 
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The  main  thrust  of  the  program  has  been  to  utili7e 
modern  computing  techniques,  advanced  magnetics  analyses 
and  modeling,  and  thermal  technology  backed  by  extensive 
experimentation  to  develop  lightweight  transformer  design 
procedures.  Various  experimental  transformers  were  designed, 
constructed  and  tested  to  demonstrate  the  validity  of  this 
approach. 

The  selection  of  suitable  maqnetic  and  insulating 
materials  has  been  addressed  in  this  program.  The  hiqhliqhts 
of  thermal  analysis  and  experimentation  to  evolve  controlled 
coolinq  of  conductors  were  previously  reported.  Electrical 
desiqn,  maqnetic  models,  and  the  resultant  computer  aided 
desiqn  proqrams  were  developed  in  this  contract.  This  enables 
a  desiqner  to  rapidly  study  the  effects  of  chanqes  in  materials, 
geometry,  and  many  other  physical  parameters. 

Liqhtweight  Transformer/Rectifier  Units  at  power  levels 
of  10  Kw  and  200  Kw  were  designed  and  fabricated  to  demonstrate 
the  new  lightweight  technology  developed  under  this  contract. 
Their  performance  was  very  consistent  with  the  computer 
predictions  and  validated  the  proqrams. 

2.2  Transformer  Design 

TV©  approaches  to  transformer  desiqn  were  developed.  The 
first  approach,  which  has  been  called  the  steady  state  analysis 
routine,  is  basically  a  magnetic  circuit  approach.  This  method 
uses  flux  and  flux  leakage  concepts  to  relate  the  primary  and 
secondary  in  a  transformer.  The  second  approach,  which  has 
been  called  the  real  time  analysis  routine,  is  a  coupled 
electric  circuit  approach  in  which  the  primary  and  secondary 
are  related  through  their  inductances.  This  has  been  reported 
in  Interim  Report  AFM>L-TR-76-102 . 

In  formulating  the  governing  equations  for  transformer 
design,  it  was  found  that  the  mathematics  of  steady  state  design 
are  not  especially  complex,  but  that  the  design  process  is 
complicated  by  the  profusion  of  design  input  variables. 
Depending  upon  the  application,  between  fifty  and  two  hundred 
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parameters,  all  interrelated  by  physical  laws  and  performance 
criteria,  are  required  to  fully  describe  a  desiqn.  Since  many 
of  the  relationships  are  not  only  non-linear,  but  are  dis¬ 
continuous.  the  manipulation  of  these  parameters  to  achieve 
optimum  results  becomes  formidable.  However,  a  proqrammable 
calculator  can  be  used  for  parametric  analyses  and  design, 
provided  a  complete  desiqn  optimization  is  not  desired. 

Complex  optimization  proqrams  for  larqe  machines  were  also 
developed  and  delivered  to  the  USAF. 

2.3  Coolinq  Techniques 

Since  vaporization  coolinq  techniques  were  determined 
very  early  in  the  previous  proqram  to  be  most  applicable  to 
the  hiqh  heat  fluxes  anticipated,  much  of  the  thermal  in- 
vestiqation  and  experimentation  was  directed  to  the  application 
of  this  coolinq  method.  While  a  considerable  amount  of 
literature  exists  on  the  boilinq  process,  much  of  it  is 
empirical  in  nature  and  therefore  limited  in  scope,  and  little 
if  any  is  directly  applicable  to  the  problem  of  boilinq  in 
narrow  vertical  ducts  as  are  found  in  the  transformer.  The 
analyses  and  experiments  were  directed  at  obtaining  values 
of  the  maximum  attainable  heat  flux  without  exceedinq  the 
nucleate  boiling  reqime.  and  of  the  minimum  channel  width 
required  to  insure  aqainst  the  formation  of  vapor  pockets 
with  the  attendant  extreme  temperature  rises  and  potential 
burnout.  Other  coolino  techniques  such  as  direct  liquid 
coolinq  and  forced  liquid  cooling  are  also  applicable  to 
cooling  the  lightweight  transformers,  d  pendent  upon  conductor 
current  density  (ier  heat  flux). 

Vaporization  and  liquid  coolinq  application  additionally 
led  to  other  considerations.  Compatability  tests  indicated 
that  testinq  of  the  materials  involved  is  desirable  for  a 
given  application  with  a  specific  coolant.  The  high  electric 
fields  and  small  spacinqs  typical  of  reduced  size  transformers 
require  detailed  knowledge  of  dielectric  breakdown,  particularly 
in  view  of  the  two  phase  nature  of  the  dielectric  coolant. 
Dielectric  breakdown  and  insulation  relationships  and  models 
were  refined  and  experimentally  validated  for  use  in  this 
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proqram.  Also,  the  open  construction  required  to  provide 
coolant  passaqes  resulted  in  consideration  of  the  mechanical 
forces  imposed  on  the  windinqs,  especially  under  overload 
conditions. 

2.4  Specific  Compromises 

Reduction  in  weiqht  and  sire  is  not  always  without  a 
penalty.  This  penalty  is  often  (hut  not  always)  reduced 
efficiency.  The  efficiency  of  well  desiqned  conventional 
hiqh  power  transformers  is  usually  in  the  neighborhood  of 
98  to  99.5  percent.  The  low  specific  weiqht  transformers 
tend  to  exhibit  2  to  4  percent  lower  efficiency.  This  is 
a  small  penalty  and  often  can  be  easily  accomodated  when  an 
external  cooling  system  is  provided.  This  however,  does  not 
mean  that  low  specific  weiqht  transformers  of  the  same 
efficiency  as  conventional  transformers  cannot  be  built;  they 
can  be.  but  are  somewhat  larger  and  heavier  than  lower 
efficiency  units.  Users  tend  to  prefer  the  lower  specific 
weight  transformer  and  accent  the  lower  efficiency  in  order 
to  reali7P  a  lower  overall  system  weight.  Another  penalty  is 
a  slightly  degraded  voltage  regulation  due  to  the  increased 
conductor  resistances  in  the  windings  of  low  specific  weight 
transformers.  Usually,  these  are  small  compared  to  the 
external  system  resistances  and  are  offset  by  the  relatively 
small  increase  in  resistance  due  to  much  lower  winding 
temperature  rises  in  the  low  specific  weight  transformers. 
Further,  the  low  specific  weight  transformers  have  shorter 
total  conductor  lengths  in  a  given  winding  compared  to 
conventional  transformers,  which  also  tends  to  offset  the 
sliqhtly  degraded  voltage  regulation.  The  computer  proqrams 
developed  permit  the  tradeoff  of  transformer  gains  and 
penalties  such  as  weight,  sire,  efficiency,  voltage  regulation 
leakage  inductance,  and  many  other  parameters  with  respect  to 
any  given  set  of  transformer  requirements. 
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2.S  Duty  Cycle  Considerations 


The  transformers  developed  under  this  proqram  are  mostly 
continuous  duty  transformers.  The  time  required  for  the 
windings  to  reach  thermal  equlibrium  in  a  thermally  adequate 
design  is  very  short,  much  shorter  than  any  contemplated 
duty  cycle.  Thus,  from  the  viewpoint  of  the  internal  thermal 
aspects,  the  transformers  are  capable  of  continuous  duty. 

However,  for  intermittent  duty  applications.  the  external 
coolinq  system  can  be  reduced  in  sire,  weiqht,  and  capability 
to  accomodate  the  specific  duty  cycle  desired.  Thus,  a 
liqhtweiqht  transformer  system  capable  of  any  required  duty 
cycle  can  be  desiuned  and  developed. 

There  is  another  class  of  liqhtweiqht  transformer  which 
also  can  be  desiqned  -  namely  the  adiabatic  transformer  . 

These  are  transformers  which  are  intended  for  very  short 
duty  application  and  incorporate  relatively  hiqh  internal 
thermal  resistances.  The  duty  cycle  is  limited  by  the  total 
quantity  of  heat  the  transformer  materials  can  absorb  without 
attaininq  excessive  temoeratures .  The  transformer  must 
cool  down  prior  to  reenerq 1  rat  ion . 

2.f>  Safety  and  Reliability 

The  small  liqhtweiqht  hiqh  power  transformers  developed 
can  withstand  considerable  overload  in  soite  of  their  small 
sire.  For  example  the  two  hundred  KVA  transformer  has  a 
volume  of  about  300  Cu.  in.  When  this  transformer  is  connected 
to  nower  sources  capable  of  several  moqawatts,  it  initially 
looks  like  a  'bomb'  if  an  internal  fault  occurs.  However, 
because  vaporization  coolinq  is  used,  the  coolant  is  capable 
of  safely  dissipatinq  very  larae  powers.  Further,  the  operating 
temperatures  of  the  transformers  are  lower  than  with  conventional 
transformers.  The  overall  reliability  should  equal  or  exceed 
that  presently  attained  because  the  elect rical, thermal  and 
mechanical  stresses  on  the  materials  are  carefully  controlled 
desiqn  parameters. 


2.7  Terminal  and  Bushing  Considerations 


One  problem  common  to  these  transformers  is  that  of 
providing  adequate  input  and  output  terminals  and  bushings. 

The  larqe  currents  and/or  voltaqes  involved  mandate  large 
conductors  or  bushings  with  long  leakage  paths  which  are 
generally  incompatable  with  the  small  sires  of  the  transformers. 
For  example,  with  the  200  KW  units,  the  input  currents  at 
10  KHZ  are  greater  than  400  amps  and  a  low  inductance  is 
also  required.  The  terminals  and  bushings  can  therefore 
constitute  a  significant  Dortion  of  the  volume  and  weight  of 
a  low  specific  weight  transformer. 


SECTION'  III 


TECHNICAL  DISCUSSION 


3.1  Int  roduct ion 

During  the  development  of  the  10  KVA  experimental 
inverter  transformer,  new  techniques  for  fabrication  of 
pie  wound  transformers  were  developed  which  yielded 
superior  designs.  As  described  in  the  interim  report 
(AFAPL-TR-76  102)  .  dated  December  197ft,  this  development 
was  followed  by  the  development  of  computer  aided  desiqn 
programs  for  pie  wound  transformers.  Several  10  KVA 
transformers  were  fabricated  and  subiected  to  a  variety 
of  tests.  Based  on  the  results  of  these  tests,  both  the 
final  10  KVA  and  the  200  KVA  transformers  are  pie  wound. 

As  a  preliminary  step  toward  the  design  and  fabrication 
of  the  final  10  KW  transformer  rectifier  system,  a  10  KW 
water  cooled  transformer  rectifier  unit  was  designed  and 
fabricated. 

3.2  10  KVA  Inverter  Transformers 

3.2.1  10  KW  hater  Cooled  Transformer  Kectifiei  System 

The  10  KW  water  cooled  transformer  design  was  based 
on  the  third  version  of  the  comp  iter  aided  "pie  wound"  desiqn 
program.  The  primary  winding  is  of  edge  wound  rectangular 
(Approx.  0.125"  x  0.05")  copper  strip,  which  is  mounted  on  a 
"Mylar"  insulator  disk  (Approx.  2S "  Dia.  x  1/32"  Thk . ) .  The 
*3  AWG  secondary  windings  are  mo  nted  on  the  other  side  of 
the  insulator  dis<  and  dimensioned  so  as  to  match  the  primary 
dimensions.  This  configuration  minimizes  leakage  inductance 
and  provides  excellent  strength.  The  tape-wound  core  is  a 
double-C  configuration  and  is  made  with  1  mil  thick  Orthonol . 
Each  section  has  external  dimensions  of  approximately 
2*j"  x  2"  x  3/4"  and  is  wound  to  about  *?"  thickness.  This 
transformer  is  capable  of  operation  well  above  10  KW.  The 
estimated  maximum  capability  is  about  60  KVA. 

The  prototype  water  cooled  enclosure  for  the  transformer 
rectifier  system  was  machined  out  of  a  single  aluminum  block 
with  internal  condensing  fins.  The  transformer  and  rectifiers 
are  mounted  on  a  transparent  acrylic  base  plate  with  all  feed 
throuqhs  brought  out  of  the  bottom.  The  completed  enclosure 
is  shown,  approximately  full  size,  in  Fig.  1.  It  should  be  noted 
that  this  enclosure  configuration  is  experimental  only;  For  an 
operational  situation,  the  enclosure  would  be  different  (ie: 
thinner  wall.  Etc.). 
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The  transformer  rectifier  unit  was  completed  and  tested  in 
Dec.  1976.  It  weighed  less  than  2  lbs.  (excluding  case  and 
coolant),  for  a  specific  weight  of  less  than  0.2  lbs/KVA.  It 
was  driven  at  10  KHz  by  an  inverter  operating  from  500  V.  DC. 
and  delivered  9200  volts  at  1.1  A,  to  the  load.  The  overall 
inverter  system  efficiency  was  89%. 

During  the  later  design  stages  of  the  water  cooled 
transformer,  the  interactive  pie  wound  transformer  design 
program  was  modified  to  include  a  plot  routine  which  provides 
a  scaled  drawing  of  the  transformer.  A  typical  single-C  core 
design  is  shown  in  Fig.  2. 

Also,  further  study  of  the  pie  wound  design  programs 
disclosed  that  the  thermal  conditions  imposed  on  the  transformer 
coils  are  sufficient  to  predetermine  the  transformer  efficiency. 
Thus,  the  iteration  routine  is  not  required.  A  new  non¬ 
iterative  program  was  written  for  pie  wound  transformers. 

An  additional  variation  was  added  which  permits  the  incorporation 
of  flat  primary  windings.  Finally,  to  minimize  leakaqe  inductance, 
the  program  requires  that  there  are  the  same  number  of  primary 
and  secondary  coils  and  that  their  inside  and  outside  diameters 
exactly  match.  It  should  be  noted  that  the  water  cooled 
inverter  transformer  was  fabricated  with  all  of  the  above 
changes.  A  drawing  of  the  transformer  is  shown  in  Fig.  3. 

This  design  conforms  exactly  to  the  actual  hardware.  The 
complete  data  are  tabulated  in  Fig.  4.  A  listing  of  the 
pie  wound  design  program  is  presented  in  Appendix  A. 

3.2.2  10  KW  Air  Cooled  Transformer  Rectifier  System 

During  the  development  of  the  10  KW  air  cooled 
transformer,  a  search  was  conducted  for  lighter  weight 
designs  which  could  be  implemented  with  standard  cores. 

Several  different  designs  were  developed,  fabricated,  and 
tested.  One  of  these  preliminary  designs  is  specified  in 
Fig  s.  5  l>  6.  This  unit  was  mounted  in  a  spare  case  without 
rectifiers.  Open  circuit  tests  at  10  KHz.  and  short  circuit 
tests  at  60  Hz  were  conducted.  The  results  substantially 
confirmed  the  data  snown  in  Fig.  6.  This  design  was  then 
selected  as  the  candidate  for  further  development.  Analysis, 
however,  continued  and  indicated  that  even  smaller  designs 
were  possibl*  with  more  standard  cores  becoming  available.  The 
smallest  overall  design  developed  on  the  computer  is  shown  in 
Fig.  7.  The  complete  data  are  tabulated  in  Fig.  8. 
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Figure  7  -  Compact  Preliminary  Design 
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Figure  8.  Compact  Preliminary  Design  Data 
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The  final  design  selected  for  the  air  cooled  s  stem 
incorporates  a  single  "C"  core  transformer,  as  shown  m 
Fig.  9  and  tabulated  in  Fig.  10.  Tne  standard  core, 
of  1  mil  Ortnonol ,  weighs  0.6  lbs.  This  transformer  was 
fabricated  and  installed  in  a  compact  cylindrical  case 
with  internal  condensing  fins  and  an  inteqral  forced  air 
heat  exchanger.  The  case  is  filled  with  Freon  113.  This 
case  design, which  conforms  to  the  cylindrical  shape  of  the 
transformer,  was  selected  to  provide  data  on  compact 
packaging.  The  unitrode  rectifier  stack  is  located  external 
to  the  case,  inside  a  coolinq  shroud  between  the  transformer 
case  and  an  end  mounted  coolinq  fan.  The  compact  package 
measures  about  6  inches  O.D.,  by  12  inches  in  length. 

(See  Fiq.  11).  Fabrication  and  testing  of  this  unit  was 
completed,  and  the  assembly  was  delivered  to  the  Air  Force, 
with  a  complete  drawinq  package  on  June  9,  1977. 

3.2.3  Transformer  Impedance 

Additional  tests  were  performed  on  the  water  cooled 
and  the  air  cooled  transformers  to  determine  more  al>out  their 
impedance  characteristics.  They  were  driven  with  variable 
width  pulses  at  a  PRF  of  400  HZ.  The  pulse  rise  time  was 
about  0.1^ Sec.  The  pulse  width  was  varied  from  100  to  1  Sec. 
while  the  input  and  output  waveforms  were  simultaneously 
displayed  on  an  oscilloscope.  The  waveforms  were  substantially 
identical  at  100  u Sec.  and  exhibited  noticeable  distortion 
at  10  uSec.  under  matched  impedance  loading.  All  of  these 
measurements  were  made  at  low  excitation.  From  these 
preliminary  tests,  it  appears  that  the  transformer  impedances 
are  well  below  the  maximum  specified.  These  tests  have  shown 
the  importance  of  leakage  inductance  and  shunt  capacitance. 

It  is  obvious  for  instance  that  the  LC  product  should  be 
made  as  small  as  possible  for  good  wideband  or  pulse  performance. 
Expressions  for  leakaqe  inductance  and  shunt  capacitance  were 
desived  for  fully  interleaved  pie  wound  transformers.  The 
leakaqe  inductance  is  expressed  in  Equation  (1). 
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(a)  Asseml  led 


(b)  Disassembled 

Fiqure  11  -  Air  Cooled  10  KW  T/R  Unit 
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-  Number  of  Pies  (  K7) 

■  3.19  x  10 ~®  Henries/inch 

■  Number  of  turns  per  primary  pie  (K  16) 

-  Pie  outside  diameter  (primary)  (K  38) 

-  Pie  inside  diameter  (primary)  (K  37) 
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■  Primary  Pie  thickness  (K  40) 

-  Secondary  Pie  thickness  (K  39) 
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Fitfurc  12.  Inverter  Waveforms 
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operating  at  maximum  power.  The  D.C.  output  voltage  and 
current  were  9.2  KV  and  0.92  AMPS,  respectively.  The  output 
power  of  8,464  watts  was  15%  below  rated  power.  At  first,  it 
was  believed  that  this  was  due  to  an  error  in  the  transformer 
turns  ratio  computation,  but  examination  of  the  voltage 
waveform  in  Pig.  12  shows  that  the  peak  and  not  the  RMS 
voltage  was  300  volts.  The  RMS  input  voltage  was  re-estimated 
to  be  about  250  volts.  The  maximum  operating  frequency  was 
measured  to  be  7,850  Hr.  not  10  KHz. 

During  the  testing  of  this  transformer  with  the  inverter 
a  slight  overheating  of  the  case  input  terminals  was  detected. 
These  terminals  were  8-32  brass  machine  screws.  Since  there 
was  ample  room  in  the  case,  they  were  replaced  with  5/16  inch 
copper  studs,  which  cured  the  problem.  As  previously  stated 
in  Para.  3.2.1,  the  water  cooled  transformer  unit  delivered 
9200  volts  at  1.1  AMPS,  to  the  load  when  integrated  with  the 
10  KW  inverter.  The  overall  system  efficiency  was  89%  at  10.12  KW. 

The  inverter  was  operated  for  approximately  ten  hours 
during  the  testing  of  both  T/R  units,  with  the  longest  single 
run  lasting  30  minutes. 

3.3  200  KW  Inverter  Transformers 

3.3.1  General 

The  original  plan  was  for  the  200  KW  transformer  rectifier 
system  to  be  a  scaled-up  version  of  the  10  KW  systems.  As  the 
work  on  the  10  KW  transformer  progressed,  it  was  evident  that 
direct  scaling  was  not  possible.  Therefore,  based  on  studies 
of  the  10  KW  systems,  siqnificent  improvements  to  the  computer 
programs  were  implemented,  and  a  series  of  new  computer 
programs  were  developed  on  the  HP  9830.  These  programs  were 
utilized  for  the  design  and  development  of  the  200  KW  transformer. 
See  Appendix  B  for  detailed  descriptions. 

There  were  new  fabrication  problems  which  were  solved 
during  the  design  of  the  200  KW  transformer.  From  the 
preliminary  design  programs,  a  155°C  unit  design  was  selected 
to  base  the  fabrication  procedures  on.  Tests  were  run  on  glues. 
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epoxies,  and  insulation  materials  suitable  for  this 
temperature  and  acceptable  materials  were  selected. 
Experiments  in  winding  large  pies  were  conducted.  Eight 
inch  mandrels  were  used  to  wind  coils  for  evaluation. 

Problems  were  encountered  with  winding  wire  sizes  below 
#30  AWG  because  of  the  large  tangential  velocity  range. 

It  was  found  that  the  motor  speed  should  be  controlled 
for  constant  wire  speed  through  the  feed  and  tensioning 
system,  to  avoid  breaking  the  wire.  Some  consideration 
had  to  be  given  to  methods  of  coating  the  wire  during  the 
coil  windinq  operation,  because  of  the  difficulty  of 
obtaining  double  coated  wire  in  all  sizes.  Also,  special 
care  had  to  be  taken  to  avoid  dimensional  variations  in 
the  large  pie  windings,  because  of  the  growth  of  winding 
eccentricities  with  radius.  All  of  the  winding  problems 
were  eventually  solved  and  sample  larqe  diameter  coils 
were  made  which  fully  verified  the  fabrication  procedures. 

An  investigation  of  the  selection  and  packaging  of  the 
rectifiers  was  also  conducted.  It  was  found  that  single 
rectifiers  can  be  up-rated  by  a  factor  of  five  to  ten  in 
current  carryinq  capacity,  if  properly  cooled.  An  analysis 
was  made  of  the  upratinq  possible  with  certain  rectifier 
structures  immersed  in  Freon  113.  It  was  found  that  the 
upper  limit  of  operation  of  the  A114  series  of  General 
Electric  rectifiers  could  be  raised  from  the  specified 
maximum  of  1.1  Amperes  to  8  Amperes.  Fast  recovery  is 
needed  only  in  those  cases  where  additional  losses  of  10% 
cannot  be  tolerated.  It  was  finally  decided  to  incorporate 
the  rectifiers  in  bridge  configuration  as  part  of  the 
individual  pies.  The  rectifiers  are  mounted  on  the  corners 
and  alonq  one  side  of  the  primary/secondary  separation 
plates.  The  rectifiers  selected  for  the  final  design  are 
general  Instrument  type  RGP  30M,  fast  recovery  (500  ns.). 

1000  PIV  diodes. 

It  was  spe  -lfied  b  Dr.  Sc  wart?  of  Power  Electronics 
/visocia.es,  Inc.,  that  capacitors  should  be  installed  across 
he  DC  output  of  the  bridge  rectifiers.  Centralab  0.0015  ufd, 
1  10 j  VDCW  capacitors  were  selected.  These  are  also  mounted  on 
the  primary/secondary  separation  plates.  Figure  13  shows  the 
integration  of  the  rectifiers  and  capacitors  on  the  pies. 
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The  basic  transformer  desiqn  was  selected.  It  is 
shown  in  Fig's  14  &  15.  The  listing  is  tabulated  in 
Fig.  16.  These  drawinqs  illustrate  the  transformer  assembly 
only,  and  do  not  address  the  physical  problems  of  input/output 
connectors,  case  size,  inter-pie  connections,  etc.  With  this 
desiqn.  the  final  fabrication  of  the  T/R  unit  was  initiated. 

Some  minor  modifications  of  the  overall  size  and  pie  width 
resulted  as  fabrication  progressed. 

3.3.2  200  KW  T/R  Unit  No.l 

The  final  case  design  for  the  200  KW  transformer 
rectifier  system  resembles  that  of  the  water  cooled  10  KW 
transformer  rectifier  system  described  in  Para.  3.2.1.  The  case  con¬ 
sists  of  a  d . b2 "x7 .00“xo . 25  "  (exclvdinq  terminals)  aluminum  box  with 
0.25"  thick  walls.  Tne  high  voltage  output  bushings  are  mo' nted 
directly  to  the  end  plates.  To  facilitate  the  required 
interface  with  the  plasma  switch  test  bed.  the  low  voltaqe 
input  bushings  are  mounted  directly  to  the  side  plates. 

The  cover  consists  of  an  aluminum  plate,  with  condensing 
fins  machined  on  the  under  side  (inside  case).  The  main 
body  of  the  cover  has  channels  drilled  through  it,  to  provide 
passages  for  circulating  coolinq  water.  Appropriate  hose 
fittinqs  are  provided  as  part  of  the  cover  assembly.  The 
transformer  assembly  is  secured  to  the  bottom  plate  of  the 
case  by  means  of  a  mounting  bracket.  The  heat  transfer 
considerations  for  the  final  desiqn  are  detailed  in  Para.  3.3.3 
The  completed  case  was  leak  tested  prior  to  the  installation 
of  the  transformer  assembly. 

The  basic  design  shown  in  Fig's.  14  &  15  was  sliqhtly 
modified  to  accomodate  various  fabrication  problems.  One 
chanqe  that  should  be  noted  concerns  the  winding  arrangements 
in  the  transformer  assembly.  The  basic  design  utilizes 
16  primaries  in  parallel,  each  parallel  path  consisting  of 
two  sections.  It  can  be  noted  that  one  primary  path  resulted 
with  one  section  at  each  end  of  the  pie  stack.  This  required 
an  axial  connecting  lead  the  length  of  the  stack,  which 
presented  potential  breakdown  problems  and  a  significant 
difference  in  resistance  of  this  nend"  primary  path,  with 
respect  to  all  other  15  prfcaary  paths.  To  alleviate  this 
condition  the  program  was  modified  to  place  both  end  primary 
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Figure  14.  200  KVA  Transformer 
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Figure  16.  Detailed  Listing  -  200  KVA  Transformer 


pies  at  the  same  end  of  the  stack.  The  final  end  design  configu¬ 
ration  is  shown  in  Pig's.  17  a  18.  The  core  material  is  1  mil 
Orthonol,  #20  AMG  wire  is  used  for  the  primary  pies,  and 
#24  AMG  is  used  for  the  secondary  pies.  Both  primary  and 
secondary  have  32  pies  each.  AC  input  is  570  volts  at  504.6 
amps.  O.C.  output  is  25  KV  at  8.0  amps.  The  final  output 
listing  is  shown  in  Pig.  19. 

All  of  the  secondary  pies  fabricated  for  the  first 
transformer  assembly  were  calibrated  with  a  turns-ratio 
bridge  at  10  KHz.  Also,  the  assemblies  were  short  circuit 
tested  prior  to  installation  on  the  transformer  assembly.  Tap 
changing  on  the  transformer  assembly  may  be  accomplished  by 
moving  the  positive  output  connection  to  the  desired  pie 
assembly.  Upon  completion  of  the  transformer  assembly,  the 
unit  was  successfully  tested  for  open  circuits  and  leakage 
inductance.  Measured  leakage  inductance  of  0.6  uhy  was 
identical  to  the  calculated  value.  The  final  T/R  Unit  was 
successfully  tested  for  dielectric  insulation  as  follows. 

a)  Primary-secondary  ( 35KV.RMS ,  with  output  shorted) 

b)  Primary-case  (1.5KV.RMS) 

c)  Secondary -case  (35KV.RMS.  with  output  shorted) 

d)  PRV  (35  KV.DC.) 

The  200  KW  T/R  Unit  No.  1  was  delivered  in  early  February  1978, 
to  the  State  University  of  New  York  at  Buffalo  (SUNYAB) .  for 
installation  in  the  plasma  switch  test  bed,  per  U.S.  Air  Force 
direction . 

To  date,  only  pulse  testing  to  340  KW  peak  for  6 (six) 

10  KHz  cycles  at  a  tine  has  Leer,  performed. 

3.3.3  200  KW  T/R  System  No.  2 

3. 3. 3.1  Modified  Design 

This  transformer  differs  from  that  of  the  first  unit  in  that 
it  has  two  independent  primaries  for  operation  from  two  inverter 
outputs  of  100  KW  each.  After  considerable  analysis  and  discussion 
it  was  agreed  with  Dr.  Schwartz  that  the  average  voltage  across 
each  primary  winding  would  be  520  volts.  Pigure  20  presents 
the  detailed  design  output  listing.  The  core  material  is  1  mil 
Orthonol,  424  AWG  wire  is  used  for  both  t  e  orimar';  and  secondary 
pics,  and  there  are  32  primary  and  seconder-  pies.  AC  input  is 
1,040  volts  at  277.4  amps.  DC  output  is  25  KV  at  3."  amps.  Figures 
21  and  22  show  the  physical  arrangement  of  T/R  Unit  No.  2. 
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Figure  19.  Detailed  Listing  -  Final  Design,  200  KVA  Transformer 
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Figure  20.  CAD  Output  Listing  -  200  KVA  Transformer  No.  2 


2°0  KVA  T/R 


3. 3. 3.2  Final  Design 


Prior  to  fabrication,  several  additional  temporary 
rnodif ications  to  the  design  program  were  incorporated  (See 
Figure  2  3)  . 

The  first  modification  was  a  change  in  the  primary 
wire  gauge,  K(30),  from  #18  to  #20.  This  change  was  made 
because  of  on-hand  availability  of  the  latter  wire  size  in 
P-bond  wire.  The  change  had  no  significant  effect  on  the 
transformer  design. 

The  second  modification  consisted  of  deletion  of  lines 
1450-1460  and  1670-1680,  and  replacement  with: 

1450  K ( 39)  *  .050 
1670  K ( 91 )  -  .039 

These  lines  formerly  computed  the  thicknesses  of  the 
secondary  and  primary  pies,  respectively.  The  computations 
were  replaced  by  statements  reflecting  the  pie  thicknesses 
as  measured  on  actual  wound  pies. 

The  third  modification  was  a  change  in  the  thickness 
of  the  circuit  board  used  as  a  primary -secondary  spacer, 

K (87 ) .  This  was  originally  a  0.031  in.  thick  board,  but 
the  purchased  material  was  measured  at  0.025  in.  thick. 

Design  details  dictated  a  differently  sized  cooling 
space  between  the  secondary  pies  as  opposed  to  the  primary 
pies.  Consequently.  K(52)  was  set  at  0.030  inches  for  the 
secondary  cooling  space,  and  K(27)  was  set  at  .025  inches 
and  used  for  the  primary  cooling  space.  Appropriate 
chances  were  made  in  lines  1780  and  1790. 

Since  the  core  window  height  K(42),  was  fixed  once 
the  cores  were  ordered,  K(43)  was  used  as  a  fixed  input 
parameter  and  computations  of  K(43)  lines  1830  and  1840 
were  deleted,  and  the  iteration  process  implied  in  line 
1850  was  bypassed  by  changing  "1190'  to  1880”.  Similarly, 
computation  of  the  outside  end  space.  K(20),  which  formerly 
varied  with  K(43)  variations,  were  deleted  (line  1800,  and 
rnodif ications  to  lines  1810  and  1980). 

A  listing  of  the  transformer  design  parameters  using  the 
revised  program  is  shown  in  Fig.  24.  It  will  be  noted  that 
the  net  effect  of  these  changes  is  negligible  in  terms  of 
weight,  efficiency,  regulation,  etc.  They  simply  reflect  the 
effects  of  the  use  of  actual  physical  dimensions  instead  of 
analytically  derived  dimensions. 
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Figure  23.  Modified  Design  Program  -  200  KVA  T/R  Unit  No.  2. 
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Figure  23  (Cont'd.)*  Modified  Design  Program 
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Figure  24.  Design  Parameters  -  Modified  Program 


3.3.4  200  KW  T/R  Unit  Heat  Transfer  System  Design 

Heat  transfer  from  the  heat  source  in  the  200  KW  T/R  Unit 
occurred  primarily  throuqh  three  paths  in  series: 

(a)  Heat  transfer  from  the  sources  into  the  coolant  (F113) 
by  nucleate  boilinq  at  the  source  surface. 

(b)  Heat  transfer  from  the  coolant  vapor  to  the  lower 
finned  surface  of  the  cover  by  condensation,  with 
gravity  liquid  (condensate)  return. 

(c)  Heat  transfer  from  the  cover  (condenser)  to  the  water 
coolant . 

Other  heat  transfer  paths  (sides,  ends  fc  bottom  of 
container)  to  the  environment  were  assumed  neqliqible. 

At  final  assembly,  all  air  was  purqed  from  the  transformer 
system,  resultinq  in  only  F113  (liquid  or  vapor)  being  present 
within  the  case.  Since  the  case  was  of  fixed  internal  volume, 
the  internal  pressure  varied  as  a  function  of  the  F113  temperature 
Any  component  heated  above  the  temperature  of  the  surrounding 
F113  liquid  produced  local  boilinq  since  the  internal  pressure 
was  the  vapor  pressure  of  the  bulk  liquid. 

Three  heat  source  types  were  evaluated  with  reference  to 
their  temperature  rise  above  the  bulk  F113  liquid:  (a)  primary 
and  secondary  pie  windings,  (b)  diodes,  and  (c)  core. 

3. 3.4.1  Fie  Windings 

The  heat  dissipated  in  the  primary  and  secondary  windinqs 
was  qiven  by  the  transformer  design  program  (K32  and  K33)  as 
29. b  and  23  watts/sq.in  respectively.  In  a  liquid,  such  as 
FI 1 3  the  temperature  rise  may  be  determined  by: 

t  =  5.2  q  0,293  c  (4a) 

t  »  9.36  q  0,293  F  (4b) 

where  t  =  surface  temperature  rise 

q  *  heat  transfer  rate,  watts/sq.in. 

For  the  primary  and  secondary  pie  windings,  this  results 
in  surface  temperature  rises  of  14.0  and  13.0°C  respectively. 
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3 . 3 .4 . 2  Diodes 


The  heat  is  qenerated  at  the  diode  junctions  and  transferred 
primarily  through  the  leads.  The  average  loss  per  diode  is 
4.4  watts,  or  2.2  watts  per  lead.  The  leads  are  .375  inch  long 
(neglecting  terminals),  and  0.05  inch  diameter,  having  a 
surface  area  of  0.059  sq.in..  an  average  heat  transfer  rate 
of  37.35  watts/sq  in.  and  an  average  temperature  rise  of  15°C. 
However,  because  of  the  high  surface  heat  transfer  rate  the 
effectiveness  of  the  lead  in  transferring  heat  to  the  Freon 
is  estimated  to  be  about  70%  because  of  the  axial  temperature 
gradient,  and  the  temperature  rise  at  the  base  of  the  lead 
with  respect  to  the  bulk  fluid  temperature  is  estimated  to  be 
21.4°C.  The  internal  resistance  of  the  diode  is  assumed  at 
15  C/watt.  The  internal  temperature  rise  is  15  x  2.2  *  33°C. 

Thus,  the  -junction  temperature  rise  with  respect  to  the  bulk 
F113  temperature  is  54.4°C.  Since  the  Freon  boils  at  47°c(l).  the 
■junction  temperature  is  101. 4°C. 

3 . 3 . 4. 3  Core 

The  core  dissipative  area  is  aoprox imate ly  32  square 
inches  (side  surfaces  only).  The  surface  heat  transfer  rate 
is  380.96/32  =  11.91  watts/sq. in.  The  core  surface  temperature 
rise  at  this  rate  is  10.7°C:  the  core  surface  temperature  is 
57 . 7°C . 


3. 3.4.4  Condensation  Process 


The  lower  surface  of  the  top  cover  is  vertically  finned 
to  provide  condensation  surfaces  for  the  F113  vapor.  The  heat 
transfer  coefficient  for  condensation  is  given  by 


h  =  0.943 


f  i  2  q  k  3  A 

Mr  L  F 


(1)  DuPont  Bulletin  E-ll.  pq  9. 


(5) 
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where 


h  3  heat  transfer  coefficient  BTUH/(sq  ft-F) 
f l  =  liquid  density  (93.1  for  F113).  lbs/cu.ft. 
q  =  4.17E8  ft/hr2 

k  =  fluid  conductivity  (0.033S) ,  BTUHZ(ft.F) 

X  -  latent  heat  of  vaporization  (63 . 12) BTU/lb. 

*  liquid  viscosity  (1.14),  lb/(ft.hr) 

L  =  fin  lenqth,  ft. 

F  =*  temperature  difference,  f in-to-condensate  deq.F. 
Substitutinq  the  values  for  F113 

h  =  277.73  (-^-1 - )  ^ 

This  value  must  be  modified  by  appropriate  factors  for  fin 
e  f  feet iveness . 


The  effectiveness  n,  is  defined  as 

n  -  tanh  (aL)  aL 


where 

tanh  (aL) 

a  =* 

kF  ^ 

t  * 

The  overall  heat 


hyperbolic  tanqent  aL 
V2  h  \Ft 

fin  thermal  conductivity  BTUH/(sq. ft-F) ft) 
fin  thickness,  ft. 

transfer  equation  is  defined  by 


0  ■*  h  n  S  F 


where 

Q  =  heat  transfer  rate.  BTUH(=  3.413  watts) 

S  =  condensation  surface  area,  sq  ft. 

Numerous  combinations  of  fin  thickness  and  fin  spacinq  were 
evaluated  for  the  temperature  difference,  F,  when  transferrinq 
ft.SOO  BTUH  (2490  watts).  In  qeneral.  F  is  minimized  by  small 
fin  thickness  and  spacinqs.  since  these  provide  qreater  surface 
area,  S,  for  a  qiven  plan  area.  For  ease  of  fabrication,  and 


to  prevent  condensate  bndqinq  between  fins,  fin  thickness 
and  spacinq  were  set  at  1/16  inch.  The  attached  curve 
(Fiq .25 ), shows  the  effect  on  F  of  varyinq  fin  lenqth.  L. 

Fin  lenqth  was  set  at  3/8  inch,  yieldinq  a  temperature 
difference  of  approximately  /IF  (M.7C). 

3. 3.4.5  Water  cooled  cover 

The  condenser  fins  and  cover  are  cooled  by  water  flowinq 
throuqh  passaqes  drilled  in  the  cover.  Various  passaqe  sires 
and  series/parallel  passaqe  arranqements  were  evaluated  to 
determine  a  suitable  combination  of  temperature  rise  and 
pressure  drop.  The  con f iqurat ion  finally  elected  consists 
of  six  inch  coolinq  passaqes  in  parallel,  each  5  inches 
lonq,  served  by  a  3/8  inch  diameter  inlet  and  outlet  headers. 
Fiqure  26  shows  the  temperature  difference  and  pressure  drop 
of  this  arranqement,  as  a  function  of  flow  rate.  It  is 
recommended  that  approximately  4-6  GPM  of  water  be  maintained 
in  the  system,  althouqh  satisfactory  results  can  be  obtained 
with  as  little  as  1  GPM,  75  F  inlet  water. 


3. 3.4.6  Temperature  Limitations 


Transformer  pies:  Limited  by  wire  insulation 
Core 

Diode  junctions 

F113  (limited  to  20PSIG  internal  pressure) 


356F ( 180 
2 12F (100 
302F ( 150  C) 
170F (  77  C) 


3. 3.4.7  Temperature  rise  summarv 


Primary  pie  to  F113 
Secondary  pie  -  to  -  FI 13 
Core  -  to  -  FI 13 
Diode  Junction  -  to  F113 
Condensate  ( F 1 1 3 )  -  to  -  cover 
Cover  -  to  -  water 


14. 0C 
13.0C 
10. 7C 
54. 4C 
11. 7C 

Function  of  GPM 


n  n 


Fixture  25 

TEMP  DlFF./CDNDENSflTE-TD-CDVER 


FJN  LENGTH- INCHES 


Representative  Temperature  (°C)  as  function  of  GPM  (75  F  water  inlet) 


GPM 


r  ! 

[  3  -1 

5 

At.  cover-to-water 

43 

18 

11.7 

7.2 

Primary  pie 

86 

60 

55 

50 

Secondary  pie 

87 

61 

56 

51 

Core 

90 

64 

58 

54 

Diode  lunction 

133 

107 

101 

97 

FI  1 3 

79 

54 

48 

42 

Internal  pressure . PSIG 

23.3 

4.7  1 

0 

;  -i.7 

3.3.5  200  KW  T/R  Unit 

Figure  27  shows  the  assembled  200  KW  T/K  Unit.  Outside 
dimensions  are  8.52"  x  7.0^"  x  6.25"  (excluding  terminals). 

Total  weight  when  filled  with  Freon  is  26  11  s.,  thus  providing 
a  specific  weight  of  .13  lbs.  per  KW  as  an  example  of  our  new 
lightwei  iht  .agncties  technology. 

3.3.6  200  KW  Resistive  Load 

A  200  KW  resistive  load  was  designed  and  fabricated  for 
test  and  evaluation  of  the  200  KW  T/R  systems.  The  load  was 
initially  intended  to  dissipate  200  KW,  the  full  output  of  a 
T/R  Unit  for  periods  of  two  minutes  out  of  every  thirty  minutes 
and  to  provide  40  KV  of  insulation  to  qround.  A  continuous 
duty  200  KW  load  was  developed.  The  load  consists  of  two 
separate  100KW  sections  of  OHM-WEVE  resistive  grid  assemblies. 
Each  section  is  contained  in  a  portable  wood  enclosure  with  a 
cool inq  fan.  Fiqure  28  shows  an  outline  drawing  of  one  such 
enclosure.  The  resistor  grids  and  coolinq  fan  specifications 
are  as  follows: 

Resistor  Bank  -  OHM  WEVE  Resistor  Grid 

200  KW.  25KV  <fi>  8  AMPS.  3125  ohms. 

35  in.  x  44  in.  x  22  in. 

Coolinq  Fan  -  Dayton,  vertical  mount  propeller  fan 
30  in.  blade  dia.,  485  RPM 
CFM :  7,550  free  air 

1/3  HP.  motor.  1725  RPM.  115V..  60Hr. 

The  two  load  assemblies  were  completed  in  August  1977.  and 
stored  at  the  State  University  of  New  York  at  Buffalo,  for  final 
integration  with  the  Plasma  Switch  Test  Bed. 
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igMre  27.  200  KW  T/R  Unit 


Figure  28 


SECTION  IV 


CONCLUSIONS 

All  of  the  primary  efforts  of  this  proqram  have  been 
successfully  accomplished: 

•  A  10  KVA  inverter  transformer  was  desiqned,  fabricated 
and  tested. 

•  Two  10  KVA  transformer  /  rectifier  (T/R)  units  (one 
liquid-cooled  version  and  one  air-cooled  version) 
were  fabricated  and  delivered. 

•  Research  was  conducted  into  the  characteristics  of 
magnetic  and  dielectric  materials,  improved  magnetic 
circuit  modeling,  and  application  of  advanced  heat 
heat  transfer  techniques. 

e  Computer-aided  design  methods  were  utilized  and 
specialized  programs  developed  to  permit  extensive 
manipulation  of  multiple  design  parameters. 

•  An  experimental  200  KVA  inverter  transformer  was 
designed. 

•  Two  200  KVA  T/R  units  were  developed,  fabricated, 
subiected  to  preliminary  testing  and  delivered. 

(Pull  load  testing  awaits  delivery  of  a  200  KW 
inverter.  An  addendum  report  will  be  issued  after 
completion  of  the  full  load  tests.) 

•  A  high  voltage  non-inductive  load  suitable  for  testing 
the  above  T/R  units  was  designed,  fabricated,  tested 
and  delivered. 

The  overall  intent  of  this  program,  to  reduce  the  specific 
weight  of  inverter  transformers  without  sacrifice  of  either 
electrical  performance  or  reliability,  has  been  realized. 

The  goal  of  achieving  a  specific  weight  of  0.25  lb/KVA  was 
exceeded.  A  specific  weight  of  approximately  0.10  lb/KVA 
was  actually  accomplished  with  tne  deliverable  200  KVA 
transformers.  Electrical  performance  was  not  sacrificed;  the 
final  design  of  the  inverter  transformers  had  unusually  low 
leakage  inductance  and  high  effeciency.  Reliability  is 
expected  to  be  considerably  higher  than  conventional  transformers 
because  of  the  considerably  reduced  internal  operating  temperatures 
(ie;  lower  thermal  stress)  on  conductors  and  insulation.  In 
addition,  the  transformers  can  absorb  severe  overloads  without 
damage,  due  to  the  capability  of  the  vaporization  cooling 
technique  to  safely  dissipate  large  amounts  of  power. 
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The  total  measured  specific  weight  of  the  complete 
200  KVA  T/R  units  (ie:  rectifiers  included)  was  about  0.13 
lb/KVA.  It  is  anticipated  that  in  larger  units,  specific 
weights  of  the  order  of  0.07  lb/KVA  can  be  realized.  Also, 
production  units  can  be  made  even  lighter  since  lower  weight 
case  construction  can  be  designed.  The  case  design  of  the 
units  delivered  under  this  program  was  deliberately  made 
heavier  than  necessary  for  experimental  safety  reasons. 

Finally,  a  comment  regarding  the  vaporization  cooling 
fluid  must  be  made.  DuPont*  Freon  113  was  used  in  this  proqram 
primarily  for  convenience  and  economy.  It  is  of  relatively 
low  cost,  and  was  readily  available.  Freon  113  however,  has 
a  boiling  temperature  that  is  lower  than  what  the  Air  Force 
may  ultimately  choose  to  use.  Several  varieties  of  coolants 
such  as  other  Freons  and  fluorocarbons  have  been  developed. 
They  have  higher  boiling  points  than  Freon  113  and  have 
essentially  identical  thermal  characteristics.  These  coolants 
will  meet  military  specifications  without  the  need  for  high 
pressure  case  designs. 
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I'M  Til  “WIRE  RESISTIVITY - OUTPUT  CURRENT - " 

I'O TO  "CORE  STACKING  FACTOR  I NPUT  POWER - “ 

DATA  "FLUX  DENSITY - INPUT  CURRENT - ” 

DATA  “FREQUENCY - PRIMARY  LOSS - “ 

DATA  "NO.  PIES - SECONDARY  LOSS - “ 

DmTA  “WIRE  DENSITY - SEC  LOSS  PER  PIE - “ 

DATA  "CORE  DENSITY - PRI  LOSS  PER  PIE - " 

DATA  “COOLANT  DENSITY-— . . . . “ 

DATA  " - PRI.  HEIGHT - " 

DATA  " - SEC.  HEIGHT - ” 

DATA  "CORE  LIES.  RATE - WINDING  HEIGHT - " 

DATA  "CORE  -EG  MIDTH------PRI .  MEAN  lEnGTh----*" 

l*u  7 A  "CvRE  LEG  DEPTH - -SEC.  MEAN  lENGT H — -- 

DATA  "PRI.  TURNS  PER  PIE— PRI.  RES. - " 

DATA  "SPGGta  TniCKNESS - SEC  .  RES. — - " 

DATA  "PRI.  TURN  SPACE - COPPER  LOSS - " 

DATA  “PRI.  PIE  SPACE - WINDING  VOL. - " 

DATA  "Pm  I.  SPACE  OUTSIDE— WINDING  WEIGHT - ' 

I'ATm  “sec  .  turn  space - -core  vol . - -- - " 

D  A I A  " - — --------------CORE  WEIGHT-- — - — — — ' 

DATA  " - CORE  LOSS- - “ 

DATA  “ - - - TOT.  PWR.  LOSS- — ---" 

DATA  "BREAKDOWN  FACTOR - - - — " 


DATA  “CORE  FORM  FACTOR - ” 

data  “coil  surface  area — tank  vol. - - — “ 

DATA  “PWR.  I  NCR. - COOLANT  VOL. - “ 

DATA  "SRC  INNER  KEEPBACK--COOLANT  WE.GhT — - - " 

DATA  "PRI.  WIDTH - PES.  SINGLE  PRI.  PIE" 

DATA  “SEC.  ..IRE  GAUGE - -PES.  SINGLE  SEC.  PIE' 

DATA  "MAX  PRI.  HEAT  TRANS. VOLTS  PER  TURN - “ 

DATA  "MAX  SEC.  h£AT  TRANS. SEC.  PIE  I.D. - 

DATA  “NO.  PARALLEL  SECS. -SEC-PIE  O.D. - “ 

DATA  "NO.  PARALLEL  PRIS.— SEC  OUTER  KEEPBACK— " 
DATA  "MAX  PWR.  OUTPUT— -— — — — 

DATA  "PRI.  I.D. - PRI-SEC  SPACER - ” 

DATA  "PRI.  O.D. - SEPARAT ION  ADJUST—" 

DATA  “THICKNESS  SEC.  PIE— CORE  IDENTIFICATION-" 

DATA  "PRI.  THICKNESS - SEC  O.D.  ADjUST - " 

DATA  "SEC.  -IRE  DIA. - TOT.  HEATING  RA’E - " 

DHTA  "WINDOW  WIDTH— . ASSEMBLY  SEPARATION-" 

DA7 A  WINDOW  Hl I ^jHT— '  —————— 

DATA  "PRI.  TURNS - " 

DATA  "SEC.  TuRNS— . SPECIFIC  WEIGHT - “ 

DATA  "SPOOL  O.D. . TURNS  RATIO . " 

DATA  "SEC.  TURNS  PER  PIE . “ 

DATA  "SEC  I.D.  ADJUST - - " 

DATA  "EFFICIENCY . " 

DATA  "TOT.  WEIGHT - PWR.  OUTPUT - " 

PRINT  7AB99 
END 

PRINT  "INCONSISTENT  PARAMETERS" 

GuSUB  i860 
GOTO  1090 
END 

IF  KC2 6 >2  THEN  2540 
LINK  12.1000.1060 
LINK  0> 1000i 1090 
END 
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APPENDIX  B 


HP  9830  COMPUTER  PkOGRAMS 


There  are  a  total  of  six  computer  proqrams  which  were 
utilized  for  the  design  and  development  of  the  200  KW 
transformers.  These  programs  are  identified  by  track 
No.,  as  follows: 

Track  #0  -  Single  point  design  program 

This  program  computes  a  transformer  design  for  a 
given  set  of  input  parameters,  both  fixed  and  variable. 

Track  #1  -  Design  Program,  Single  variable  ranging. 

This  program  is  similar  to  track  0.  except  that  it 
generates  a  series  of  designs  by  allowing  any  one  of  the 
input  variables  to  be  varied  through  a  specified  ranqe. 

Track  #2  -  Output  Listinq 

This  program  is  linked  by  the  design  proqrams  to 
provide  an  output  listing.  It  would  normally  be  a  part  of 
the  design  proqrams.  but  has  been  placed  on  a  separate  track 
because  of  machine  memory  limitations. 

Track  S3  -  Deaton  program.  Multiple  variable  ranginq. 

This  proqram  allows  the  selection  of  uo  to  5  variables 
which  may  be  varied  through  specified  ranqes.  Up  to  5 
selected  output  variables  are  printed  out  for  each  desiqn. 

It  is  normally  used  for  coarse  ranqing.  followed  by  use 
of  track  0  or  1  for  finer  desiqn. 

Track  #4  -  Plot  program 

This  program  generates  side  and  end  views  of  the 
transformer,  as  in  Pig.  B-l. 

Track  #5  -  Plot  program.  Top  view. 

This  program  generates  a  top  view  of  the  transformer 
as  in  Fig.  B-2. 
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Conp  .ter  Generated  Plot  (Side  and  End  View?) 
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